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A METHOD FOR THE DESIGN OP COOLING SYSTEMS 
FOR AIRCRAFT POWER-PLANT INSOLATIONS 



By Kennedy F. Rubert and George S. Knopf 
INTRODUCTION 



A method of organizing design calculations for the cooling systems 
cf aircraft power-plant installations has teen developed for use by 
representatives of airplane and engine companies invited by the Materiel 
Division, / : rmy Air Corns Liaison Office to participate in the activi- 
ties of trie NACA power-plant installation section at the Langley 
Memorial Aeronautical Laboratory, Langley Field, Va. 

A schematic arrangement of a heat exchanger with a cooling-air 
duct is shown in figure 1, The system consists of three parts: 
(l) the entrance duct, vmich slows down the cooling air and converts 
most of its dynamic pressure to static pressure; (2) the heat exchanger, 
in which some of the static pressure is lost; and (3) the exit duct, 
which converts to dynamic pressure any surplus of static pressure 
above the value at the exit. 

At station 0 in the free stream ahead of the entrance, the air 
has a static pressure P 0 , a velocity V 0 relative to the duct, and 
a dynamic pressure qo. As che air approaches the entrance at 
station 1, its velocity decreases, and the dynamic pressure is partly 
converted to static pressure. From station 1 to station 2 the 
velocity continues to decrease, usually to the point where the dynamic 
pressure is negligible, with a corresponding further increase in static 
pressure. As 8 result of the losses in the entrance section, the 
increase in static oressure from station 0 to station 2 is less than 
the decrease in the dynamic pressure. 

The air on entering the heat exchanger is accelerated because of 
the reduction in free area and on leaving is decelerated to a velocity 
o^ual to thy velocity at station 2. The internal resistance of the 
heat exchanger causes a relatively large loss of static pressure* 

From station 3 to the outlet the static pressure drops to that of 
the free stream, and the dynamic pressure rises to a value less than 
that of the free-stream dynamic pressure by an amount equal to the sum 
of the losses of the entire system. 

The addition of heat to the cooling air in the heat exchanger 
makes no change in these fundamental principles; but, in the calculation 
of the internal horsepower and the exit area, the effect of the heat 
rn the density of the aif must be taken into account. 
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SYMBOLS 



A duct cross-sectional area, square feet 

F c compressibility factor 

M weight rst^ of air flow, pounds per second 

P static pressure, pounds pur square foot 

IP pressure loss, pounds per squrre foot 

Q volume rate of air flow, cubic foot per second 

T temperature, °F ab solute 

AT temperature rise, °F 

V velocity, feet Dur second 

g acceleration of gn-vity, feet per second nor second 

q dynamic pressure, pounds per sqa- re foot 

p mass density, slugs per cubic foot 

0 relative density , 6 

* 0.002378 

w width 



Subscripts ; 



°> 2, 3, h station numbers as in figure 1 

ILLUSTRATIVE EXj'ITLES 



Computations' selected from, ojt analysis ra^do in conjunction with 
one of the designs developed by members of the MJA power-plant in- 
stallation section are used to demonstrate the system of calcula- 
tions. Design values that occur throughout the' example hmo been 
selected for the particular design under consideration; where 
possible, rcferoncos are listed for selecting similar values for 
other types of design. 

The power-plant installation m s designed for a leng-rango 
bomber, powered by four 2000-horscpowcr engines oquippod with turbo- 
superchargers. The pertinent drt* for the engines arc given in tabl 
I and for the airplr.no performance <-re given in table II. 

4 general arrangement of the power-plant installation is shown 
in figure 2. All cooling rnd ehergc ? ir is taken in at the nose of 
the cowling. Air for the supercharger intake, oil coolers, nnd 
intercoolers enters through the outer annulus rnd flows through ducts 
distributed nround the periphery cf the engine. Cooling air for the 
engine flows through the inner annulus over the engine rnd is dis- 
charged through outlets between the charge-air and the cooling-air 
ducts . 
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All cooling calculations are based on Army summer air, which has 
the same pressure as standard air (reference 1) but has a temperature 
Loo F greater than standard throughout the range considered. Pro- 
- perties of this air are given in table III, 

o 

I 

Engine Cooling System 



Detailed computations for the engine coding system at the high- 
speed condition, -under normal rated power at 20,000 feet, are pre- 
sented in form A, which is the master form suggested for use on all 
cooling systems of the power-plant installation. The free-air con- 
ditions for pressure, temperature, and density are first selected from 
table III for station 0 and entered in the form 

P 0 = 972 lb/sq ft 

T 0 - U87° F abs. 

p c = 0.001160 slugs/cu ft 



From table II for 20,000 foot the high speed in Army air under normal 
power is 358 miles per hour, corresponding to V 0 = 525 feet per second. 
The dynamic pressure is 

1 2 

q 3 m pv 0 F c 



where the compressibility factor F c 
given by the relation 

(V./10G) 2 

f = l + 1.035 —7 



derived from reference 2 is 



C 



i (Vn/lOO) 



L 



Therefore 



and 



0.U22 



U87 



= 1.063 



q r = 2" 0.001160 x (525) 2 x 1.063 3 170 lb/sq ft 

Station 1 has been included in order to orovide in certain flight 
conditions for an increase in pressure through the propeller or for a 
detailed analysis of the losses for a complicated inlet duct. For 
the case at hand, the computations of the values for this station are 
unnecessary. 



The properties of the cooling air in front of the engine at 
station 2 are now required to determine the amount of air necessary 
for engine cooling. Inasmuch as the dynamic pressure at station 2 
is small, the computations may be simplified by assuming that all 
dynamic pressure exclusive of duct looses is converted to static pree- 
sure. 



The two columns in form A under the heading Transition are for 
recording the changes that occur between the preceding station and 
the station under consideration The column headed AP give* only 

l25£££ °^ total pressure; conversions of dynamic rrossure to 
static pressure cr vice versa are not included in the values in this 
• olumn. The column for AT shows values for che change in tempera- 
ture, regardless of cause, ar.d includos both adiabatio changes and 
changes due to heat transfers. 

For the entrance duot ured in tne design it rrobable that 
approximately 90 percent cf the free-stream dynamic oressure can be 
converted to static pressure at the front; face of the engine. In 
other wWPd«| the entrance-diffuser loss is estimated to be 10 rercent 
of the free-stream dynamic oressure, 17 pounds per square foot. 
Accordingly, 

F 2 « 972 ♦ 170 - 17 - 1125 lb/sq ft 

The temperature rise due to adiabatic compression of the air 
in the diffuser inlet can be expressed in terms of the velocities 
alone 



Uoo/ 



AT 0-2 e 0t5 3 2 
This expression is derived from reference 3« 



1587 



As previously noted, 7 2 is negligible, and the temperature 
rise used for the computation is 

°* 852 fe) = ° #352 (5 ' 25)2 " F 

Eence, the absolute temperature of the air at the front face of the 
engine is 

T 2 - k&t * 23 e 510° F abs. 

The mass density of the air may now he computed from standard 
sea-lovel density as follows* 
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p 2 . 0.002378 x 

Pp 

= 0.000583-^-- 0.001285 slugs/cu ft 
T 2 

The variou3 engine manufacturers use different methods for ar- 
riving at the amount of cooling air required and the corresponding 
pressure drop. All these methods, however, require a knowledge of 
tha condition of the air at the front of the engine. A typical ex- 
amp.le of such a method is to be found in reference h. For the case 
of form A the required air flow is 37.3 pounds por second and the 
corresponding pressure drop is 51 pounds per square foot. 

The computation of the velocity at the face of the engine is now 
possible. In this case the velocity is found to be about 60 n eet per 
3econd, not enough to make any appreciable change in the static 
pressure (-2.3 Ib/sq ft) or in the absolute temperature (-0.3° F abs.) 
at the face of the engine; hence, the dashes in the tabl:e indicate that 
the quantities regarded as zero are allowed to stand. 

Behind the engine at station 3, the transition column shows the 
51 pounds per square foot pressure drop given by the manufacturer and. 
inasmuch as the dynamic pressure is negligible, P^ = Pp - APg— 3 
= 1125 - 51 = 107^ pounds per square foot. The temperature change 
is obtained by dividing the heat rejection from the engine (25,000 Btu 
per min specified by manufacturer) by the specific heat of air and the 
weight rate of air flow. 

^ 60 0T2H 37.3 r * 

and 

T^ = T 2 + zXT = 510 + h7 = 557° F abs. 

It is unnecessary to evaluate the density at this station. 

The pressure loss from station 3 to station h is estimated to be 
5 percent of q 0 or 8.5 pounds per square foot. For simplicity, it 
is assumed that the exit process consists of a pressure loss without 
change of temperature followed by an adiabatic expansion. The air is 
therefore regarded as expanding adiabatically from a temperature of 
557° F euod a pressure of IQjk - 8.5 ■ IO65.5 pounds per square foot to 
free-strewn static pressure at the exit, 972 pounds per square foot. 
From the thermodynamic properties of perfect gases, the absolute 
temperature at the end of such an expansion ifl the product of the initial 
temperature and the O.286 power of the ratio of final to initial pres- 
sures 



/ q \ 0.236 

8 temperature drop of lij..!^*. 0 f. 

The satisfactory evaluation of the uxib velocity requires an 
accuracy of four significant figures in the value* -of AT rnd 
necessitates the use of logarithms. As this process is odi&batic, 
the exit velocity .cn.br obtained directly from the tempers turo drop, 
and 

r v, \ 2 

-,-0.832 ;f ^j |. ; : / ^ * 

V U * 100 ^57— = IjftMl ft/sec • 

Upon determination of the density of the rir f t thu exit and 
by use of the previously obtained woight-flow rate, t volum©~flow 
rate is found to be 1110 qubic foot ocr second. At- tnc eacit 
velocity of I4.I6.6 feet per second, r>n ,xit area of 2.6b' s^u-rc foot 
is required. 

The internal power consumption of the engine cooling system is 
obtained from the rate of chjaigo of momentum of chc cooling ai|% 

weight/sec v o go - V U 37-3 v 52 5 (525 - Ul6 ) ' , 
x =* x 1 n . 121 np 

32.2 550 3^.2 550 

Owing to the mrnncr in which the. .nova.r hr 3 boon computed, the 
Meredith effect due to the addition of heat is included. A dis- 
cussion of the relation of 1-brcdith effect to cooling horsepower is 
given in rof credo© 5« 

The results of similar oelQul? tions on tSfots t nd other operating 
conditions ovSr an altitude rouge? from sen level to 25,000 foot apo 
given in tables IV, V, .and VI. The variation of m gine coaling--- ir 
exit L i roa with altitude end condition of fli ght is presented 
graphically in figure 3* 



Cil Gorier 



It is necessrry to Soluet an oil .cool, r b« fSarc proceeding 
with the r.nrlysis of the system containing thte cooler. Boer use an 
oil cooler adequi te for climo c*.i sen lnwi is usually satisfactory 
for all ether flight conditions, a preliminary choice is made on this 
basis. 
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D&tft on corjporcie.l oil coolers ! of ton presented in curve 
fott&t aa shown in figure U« The curves show tho hot t transfer 

,~' tu/niiri 

100° F tump, diff., i.v. oil and entering air 

plotted r-.Tiinst coolin^-nir fl ov; in pounds oor rcinuto for so^ -.v- 1 
rrtos of oil flow* An rdditionrl curve- shows the pressure drop 
r quired Co oroduco eny flovs rote >J &%&£j&tu4 sen-iovel eir. For 
rny other condition th._ or-.ss drop is dote mi nod. by dividing tfco 
▼flute obtained .from the carvu by 0 7, the relative density of the air 
t tne fr.c; of the cool-r. 

The engine soecif ic^tionc in t^blo I ct 11 for ? h*mt rejection to 
the oil r.t military oo-vr of 65 00 3tu oor minufej find for r tenp^rrturo 
of 1G5° F for oil rotur&iag to iskc ui;di..., The rrte of oil flow is 
135 do undo oer minute. With un t\$s\m&d specific her-t for the oil of 
0.5 3tu pzt pound >dr °F, tho tenpere t'lrc drop of the oil throndi the 
cool r is 96 0 F rmd the -ver- .;e cooler t«rf 9 but t..ire is 692° F, ebsolute. 
The tonoerr taro of the c ir r:t thus cooler ffcee, obtr.ineO in the s*unc rniy 
r<; in the engine coolie c,xrro>lc , it; 563 0 F. Inasmuch f s tvo oil 
coolers which pre siml r with reg'-rd to both r ir and oil flow r r. to 
be used 1 the he- 1 tr^nsicr for ofveh unit is 

6300/2 a 2320 3tu/rr:in 

(692 - 563)/lOO 100° F diff, 

rnd the rrte of oil flora apr unit is 67»5 pounds 0 . r minute • From 
figuro en :..ir fctbw of U15 pounds :xr nttixuix is required with p pres- 
sure crop of 7 inches of vr t-^r in sr/ ndrrd ser -level .".ir. Inasmuch 
- s the density of the ; ir f.t the cooler free reL- tivc to standard see- 
1 '.el rir is 0.91+7, the Rctxir.l pressur-. drop is 

grl~ = 7.J4 in. watvr - lb/sq ft 

From tnis point on, tile t n? lysis for a^tw raining the duct e/.it ar ■■ 

r.nd fehu interne 1 horsv pov er is or. cisoly the sr. no ea fchr t for take 

engine coolin^-' ir system, Tebles IV, V, and VI include the results 

of the commutations for r 11 flight conditions cons id,, r d; exit re.- s 
rrc shorn in figtiro 5- 
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Intorcoolcr 

fno f.ectors reinly determine the selection of ?n intercoolor; 
the weight rrte of flow of engine charge rir - n.d the required inter* 
cooler of f oc tiv..noss . Tho offc. cti vasss is defined cs the patio of 
the temperature drop of the engine ehrrgo r-.ir ae it goes through the 
cooler to the tompv. rfcturc difference between the hot charge ir ;,nd 
the cooling - r ir c-s they enter the cooler. 

Tho temov.rf.:turos of the air catering the supercharger and tho 
cooling eir entering the intorcool r t re determined in the &&m& manner 
s-.s is tho terp.p err tare of the i ir it the fece of the engine. 

The absolute temper? burc of *che M .ir leaving the supercharger 
T^ is obtained fror.i the rolf tion 



f 1 * ± w 



206 



C 



- i 



who rc 



?b 



fed 



absolute tera-oerrture of rir untiring suporchrrgor 
tot^l pressure of .' ir entering supercharger 
total pros sure of rir leaving supercharger 
tempo rrturc- rrtio efficiency of superchr rger 



As r.n example, consider the climb for norrrl rrtod no^or at 
25,000 feet in Army rir, tho tabulr r computations for which appear in 
form B. Tho nir rvt the entrance to the supercharger Hps r pressure 
of 855 pounds per square foot find 1 temperature of I|B2° F. From table 
I tlie required carburetor pressure for ^ortur.l r&tod oov.o.r is 86*1 
inches of mercury. In allowance of 1.35 inches of mercury is made . 
for pressure losses from the supercharger outlet through the intor- 
cooler to the carburetor inlet, nrking the necjss^ry suoorc.hr rger 
eutlot pressure 29. U5 inches of mercury or 2061 pounds nUt square 
foot. With D temoeret .\re efficiency retio of O.65, the sup rchrrger 
outlet temperature is 



U82 



O.65 



2061 



0.286 



- 1 



) 3 099 0 F obs, 



j 
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The required carburetor tompprftttafS from tabic I is 100° F 
(559° F -ibs.) egad the cooling fir r.t the entrai.ee of tne inturcoolcr 
is 1*82° F absolute* The required cf fcctivenccs is therefore 

supcrchTgor outlet carburet or _ 699 - 55? . a c 

^supcroh" trger outlet ~^coolir;g-air inlet &99 - ltf?2 

At nor:ar.l power the ch^rg-j-f ir corns uiapti or. , v;hich r.ust bo cooled 
to this effectiveness, is J.&Q pounds f&w second. The nurabsr of 
possible intorcoolors to nect the se conditions is uniirdtod but is 
successively narrowed dowfe to meet conditions of pressure drop 
available, spr.ee lir.itction, r ;..d povt&T required. The unit investi- 
gated measures 8 inches in the direction of cooling-' ir flov-, I14 
inches in the direction of ch^r^;:.-- ir flour, and lei. 5 inches in the 
r.o-flor: direction. Ch^ractcris tics of this uiiit applicable to any 
no-flovr length - re presented in figure 6. ( An oxpl- ■'.■zi on of this 
type of curve is given in reference 6, together ivith similrr curves for 
a vrricty of intcrcool ors. Ch r res for the design of certain types 
of tubular ictor cooler are givos in rcferoncos 7 ••' - d 8#) Entering 
with <•. chnrgo flow par inch cf width of pounds per second 

4"Ul.5 inches = 0.0935 pound per soconc. per inch fives c 2.^e2 ^ v ' r 
the ch' rgc ntr, a value of 5»& inches of w-ter. The intersection of 
this value with r. cooler effectiveness of 0 9 6l^ indie'* tu 8 a l rv ^l 
for the cooling air, a v.- lue of 3*93 inches of wntcr ; £id ct cooli":>:- r ir 
flow rr.tc of G.19 pound our second x.r inch, or 7*99 pounds apr second, 
ocikiilg the ratio of cooling-air flow to chergo- . ir flow 0.19/0.0955 
= c^.O^. The temperature rise of the cooling rir is the temperature 
drop of the ch' rg© rir divided by the ratio cf cooling air to charge 
iUO / 

-irj - — - = 68.5° F, rnd the moon tempo rcture of the rir is the 
2 .0/4. 

t--noerrt ure rt the entrance plus one-he If thi s te:.:per:.t .:rc rise, 
i|82 + 3^«3 a 5l6 C ^ absolute. Corresponding to thi s temperature md 
to r ; ^reseure int the entrance of 855 pounds per square foot, "ch^ 
rvorrge r^l^tive density of the cool in r. air 9*1 3 0 m l\Q c /3 • nl the 

» */ fiV 

actual orccsuro dro«( of tot cooling -.ir is ' — = o # 82 

o i, v c.i.C5 ' 

inches of water, or 51*1 pounds per square foot. 

V/ith the foregoin.r inforn tion it is nov; possible to compute 
the velocity of the cooling air rt the exit and the rrea of trie exit 
as ifr&s done for the engine-cooling system, /-bout ~f£> percent of the 
original dyn?.rdc pressure for the clinb condition under consideration 
hasi been expended in pressure losses by the tir.o the rir arrives r.t the 
reor of the intcrcooler. The exit velocity to bo created with the 
rerr.ining energy is so lev,- that excessively 1-rge exit hrens would be . 
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required. Extension of exit fl.ops decreases the- static orosuro at 
the duct exit, r/.king ovailrble c greater ores sure difference for ox- 
polling the f ir, which crortos p higher exit velocity t nd makes a noro 
reasonable exit area possible. The analysis from this point on 
differs from previ ous c scs having uncxtended flaps in that the pres- 
sure 't the exit ( st* ti iii 4) is sub atmospheric by a flop boost estimated 
t^ be 0.2q 0 (16 lb/sq ft). decouso of the 1'rgo extendi drag 
effects in opomti on with extended fL-ps, inter nr. 1 horsepov/cr c- lcula- 
ti ons in this or so t\?o regarded as of little ;.r no v r -l^e. Some ex- 
perimental measurements of the influence of fir os on the pressure at 
the exit rnJL dfff.g of the rirflc&g rre given in reference 9« 

The curvos^pf exit -n.:. ■ s c function of flight condition mid 
altitude in figiiro J fch"o\: thrt the ir.it erco-' el er invostig' toe is sr tis- 
f actor y for operation r.t norr^l r ted p ■wer but is inadequate for 
military rating* The ^eod f :.-r r. d. rgor int.roooler c p- ole of 
meeting the mi'litory rating is i po- rent . If it is found undesirable 
to increase the nomttow length of the unit, it v-ill be bg« ssary to in- 
vestigate i different type of fore. 

Duct Inlet Ar. a 



Exit areas -re designed to control the n to Qf flov; of air 
through coolina ducts. The- area of the* duct inlet is b'-sed on the 
rrtio of inlet velocity be flight velocity V3.A0 found by experiment 
to be optimum, with regard to the inturnrl entrance 1 ,ss and the exter- 
nal drag. In the selecti on if the inlet area it hr s been found con- 
venient to plot curves of entr r nco rroa against the ratio V\/V Ci for 
of eh ma in flight c nliti on. As those curves r.ru hyperbolic, the y 
may be drawn rs 2j_5 straight lines on 1 0 gar i thai c paper, as sh ovn f .>r 
the exrmolo in figure 8« 

F^r the .main air inlet, which admits the charge r ir and nil 
cooling airs, the two lines in figure 8 ,x present the extremes in 
P. r©f\ 8 required for high-speed *nd clinb conditions with military o:o;er 
from sop level to 25,000 feet. As -:ir inlets : r,. usually of fixed 
area, the inclusion )f flight conditions in stdbd&rc * ir is necessary. 

Fr on ror-oynodc c Tisidorati ns 0 minimum inlet-velocity ratio 

V l 

m» = O.I4 is e inside rod fc&sonM&l t": th or -oer functioning :f the 

cowling under consideration. The 'curves sir 07 th- t an inlet •• rea of 
U square feet moots this re quire) .ont for standard oir without ex- 
cessive velocity ratios for clinb in Amy air. The spociol er.se of 
scoops is treated in reference 10. 
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CONCLUDING RE; T ARKS 



The analyses of design conditions for on intercocler and an 
o|3 cooler have been illustrated rather than the method of the 
election of optima units. Obviously, for a particular airolane 
the available sizes and types of neat exchangers should be considered 
in rder to arrive at the best arrangement with due regard to the 
relative importance of the various factors involved. One such 
factor nay be weight, of simply the drag horsepower associated with 
the weight, given by the relation 

C D *6 

weigrit-drag ho * weight x -JS. x — U» 

C T 550 

u 

where Cn/C^ is ra ^ io of the airplane drag to lift, and the 

'weight is that of the cooler and ducts. The total horsepower 
chargeable to a cooling system is comprised o f the weight h .>r so power, 
the internal horsepower as calculated in this rf-port, paid the external 
horsepower associated with the effect S the c -ding system on the 
external air flow about bhe airplane, Viind-t unnel data are usually 
necessary for evaluation >f the external h rsepw.r. 

Space limitations frequently override all other considerations in 
the selection :f cooling units, ften He the detriment ..>f c -•..■ling 
characteristics as well as at the expense of additional power. The 
importance ->f selecting the cooling units in the very early stages df 
an airolane design in ;rder to be able to install units that not 
only perform their function but perform it at a relatively low cost in 
h -rsep ower cannot be overemphasized. 

There is an ever-increasing demand for reliable prediction of 
c„ -^lirig oerf ornanco owing to the necessity of eliminating experimental 
airplanes and of proceeding immediately frojn the d-sivn f> large-scale 
production! Because of this situation and the increase in the speeds 
and altitudes of flight, there is as urgent need for accurate and more 
extensive basic date on the characteristics f engines, suoercha rgers, 
heat exchangers, and cooling-air ducts. 

Lfn/lcy Mem -rial Aor: nautical Laboratory, 

National Advisory GvOlT2^ittocj| for A..r 'nautics, 
Langley Field, Va . 
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TilBLE I - EBGIM3 D..7A 



Item 



Ailitrry 
Dfwc r 



.. rnal 
rated 



0.7. 

iri. r: ial rated 
eruise 0 v/cr 



TJ5Q" 

2360 

100 
172 
0.50 



I85 



Brake output, hp 

Engine speed, rpri 

Carburetor pressure, in. EJg 

Car buret- . r temperature, D F 

'ir consumption, lb/:. in 

Specific fuel consumption, lb/bhp-hr 

Oil heat rejection, Btu/min 

Oil circulation, lb/.iin 

Oil tenocrature, 

taximun roar head temperature, ~'F 

Effective baffle area, sq ft 
Beat rejection fror: fins, Btu/min 
Supercharger temper?' ture ratio 
efficiency 



2200 
2600 

29. e 
100 
262 

0.76 
6500 
135 

165 
U<50 



26,000 



.65 



2000 
2U00 



28*1 
100 

233 

0.701 



130 

1 Or* 

l b U50 
3.2 
25,000 



0. 



65|_ 



:3,8oo 



O.fcu 



a High Speed . 



13 



TABLE II - PERFORMANCE D.TA 



/ Ititudc 

(ft) 


True airspeed, mph 


I.'ilitary 

p .wor 

High speed 


Normal r- tod purer 


0.7 

.ii'>rnrl rr.ted 
cruise power 


High speed 


Climb 


0 


303 


• 291 


170 


259 


3,000 




301 


178 


268 


6,000 


325 


311 


136 


276 


10,000 


339 


32k 


198 


238 


15,000 


357 


3U 


215 


303 


20,000 


375 • 


358 


23S 


318 


25,000 


393 


375 


268 


333 


30,000 


[•10 


391 


327 


3U7 



TABLE III - PROPERTIES OF sMSt SU&KER AIR 



Altitude 
(ft) 


Static 
pros euro, P c 
(lb/sq ft) ' 


! n 

absolute 

1 tc^ne'r^ture, T^ 

! ( 'F abs.) 


Density, p 
(Slug*/ cu ft) 


0 


2116 


558 


0.002210 


3,000 


1695 


5hB 


.002015 


6, 000 


169I+ 


537 


.0018U0 


10,000 


1U53 


523 


.001620 


15,000 


1192 


505 


.001378 


20,000 


972 




.001160 


25,000 


785 




.000975 


30,000 


628 


l;5l 


.000311 
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TABLE 17 
HIGH SPEED - NORMAL RATED POWER 



Altitude, ft 


0 


3,000 


6,000 


10,000 


15,000 


20,000 


25,000 


If 

(lb/seo) 


Engine cooling 
311 cooling 
Interooollng 
Charge air 


51.00 
13. 33 

~3788 


48.30 
11.50 

3.88 


47.00 


44.00 
8.84 

12.50 
3.88 


40.70 


37.30 
6.77 
9.27 
3.88 


34.40 


3.88 


10.02 
3.88 


9.00 
3.88 


4 

(cu ft/ sec) 


Engine cooling 
Oil cooling 
Intercoollng 
Charge air 


675.0 
197.8 


697.0 
187.4 

56.1" 


740.0 


780.0 
180.0 
222.0 
68.9 


842.0 


902.0 
194.6 
224.0 
93.0 


978.0 


61.1 


207.0 
80.1 


256.0 
110.5 


AP 

(lb/sq ft) 


Engine cooling 
Oil cooling 
Interooollng 


52.0 
34.9 


51.0 
28.8 


52.0 


52.0 
21.2 
64.0 


52.0 


51.0 
18.3 
33.0 


51 




53.0 


60 


A 4 

(sq ft) 


Englno cooling 
Oil cooling 
Interooollng 


2.220 
.544 


2.230 
• 488 


2.280 


2.400 
.414 
.706 


2.520 


2.660 
♦ 412 
.667 


2.880 




.622 


T&Ol 


Internal 
horsepower 
(hp) 


Engine cooling 
Oil cooling 
Intercoollng 


101.0 

20.2 


101.00 
15.82 


98.0 


108.50 
12.10 
40.60 


111.3 
31.1 


121.00 
10.64 
31.60 


128.0 




58.3 
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TABLE V 
CLIMB - NORMAL RATED POWER 



Altitude, ft 


0 


3,000 


6,000 


10,000 


15.000 

Jkm^ • WWW 


20 000 

w « www 


25 OOO 

c-^t p saw 


M 

(lb/ sec) 


Engine cooling 
Oil cooling 
Intercooling 
Charge air 


41,50 
11.66 

3.88 


39.70 
10.16 

^3.88 


OO. vv 


36.00 
7.83 
6.80 
3.88 


00 # KJU 


30.50 
6.33 
7.45 
3.88 




6.60 
3.88 


7.00 
3.88 


7.93 

3.88 


0. 

(cu ft/ flee) 


Engine cooling 
Oil cooling 
Intercooling 
Charge air 


573.0 
172.8 

"5375* 


599.0 
165.2 

"5875" 


625.0 


665.0 
159.8 
126.6 
72.3 


719.0 


780.0 
182.0 
190.1 
99.2 


844.0 


108.8 
63.9 


15215 
84.5 


239.0 
116.9 


aP 

(lb/sq ft) 


Engine cooling 
Oil cooling 
Intercooling 


36 
28 


36.0 
23.4 


36.0 


36.0 
18.5 
24.0 


36.0 


36.0 
16.3 
37.6 


36.0 




19.9 


"S?. 6~ 


51»1 


*4 

(eq ft) 


Engine cooling 
Oil cooling 


4.250 
1.014 


4.290 
.878 


4.300 


4.380 
.700 
.541 


4.360 


4.250 
.646 
.821 


3.870 


Intercooling 


.475 


~.~662 


1.096 


Internal 
horsepower 


Engine cooling 
Oil cooling 
Intercooling 


59.0 
13.0 


62.00 
10.94 


63.5 


68.40 
7.96 


73.40 


76.00 
7.78 


80.0 


(hp) 
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TABLE VI 
HIGH SPEED - MILITARY POWER 





Altitude, ft 


0 


3,000 


6,000 


10,000 


15,000 


20,000 


25.000 

ft www 


M 

(lb/ sec) 


Engine cooling 
Oil cooling 
Intercoollng 
Charge air 


45,60 
IT. 00 

4.37 


42.40 
14.83 

4.37 


40. 00 


37.70 
11.13 

" 4.37 


34.50 


32.40 
8.10 

13.55 
4.37 


30.30 


" 4.37 


16.00 
4.37 


~12782 
4.37 


Q 

(cu ft/sec) 


Engine cooling 
Oil cooling 
Intercoollng 
Charge air 


575.0 
251.6 


608.0 
240.6 


626.0 


665.0 
226.4 


707.0 


775.0 
232.0 
401.0 
104.5 


851.0 

m&mm »^ i ■ i mum 




390.0 
89.6 


472.0 
122.8 


57.7 


"62™ 


"68™ 


77.1 


AP 

(lb/sa ft) 


Engine cooling 
Oil cooling 
Intercoollng 


38 
53 


39 
44 


38 


38.0 
32.3 


37.0 


38.0 

25.7 
102.0 


39.0 




116.5 


109.9 












A4 
(sq ft) 


Engine cooling 
Oil cooling 
Intercoollng 


1.740 
.706 


1.770 
.628 


1.80 


1.860 
.528 


1.89 


2.060 
.478 
1.230 


2.24 




~1.34~ 


1.59 


Internal 
horsepower 
(hp) 


Engine cooling 
Oil cooling 
Intercoollng 


65.6 
37.4 


64. 00 
29.24 


68.7 


70.00 
21.60 


64.0 


73.40 
16.38 
94.30 


78 




110.0 


117 


— 
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FORM -i- • - FORM FOR DESIGN CALCULATIOIS FOR ****** cool/ He 



Alrplana Analysis condition .Aft IX Unit analysed ***4"tk Q+P^IP* 

Knglna , — — Specification „,„ . Data , 



Sta- 
tion 


T ran sit ion 


Fllg 
Alti 








Pres— 
sure 
losses, 
AP 

(lb/sq ft) 


X tr Hip c r— 

ature 
change, 

( b P) 


Veloc- 
ity, 

y 

ft/ sec) 


Pres- 
sure, 
P 

(lb/sa ft) 


r^Bper- 
ature, 


Density, 
p 

(slugs/eu ft] 


Dpi ~_ 

tlve 
den- 
sity, 

a* 


epecxr ic 
weight, 

* .PS , 
Ub/ou ft) 


Dynnnic 
pres- 
sure, 

q 

(lb/sq ft) 


Air 
flow, 
M 


Air 
flow, 

a 

f All ft./ C&C* 


Cross— 
sectional 
area, 

(sq ft) 


0 












o. 00 // t>o 






no 








I 


n 






iur 




. oo/z8f~ 








37.3 


90JL 






n 


f7 






cr; 
















4- 


AT 




4/6.8 


972. 










935" 


3 7.3 


ft 10 
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FORM A *- FORI! FOR DESIGN CALCULATIONS FOR UUZ!l£S2tM 



Airplane Analysis condition JUULLM& Unit analysed iNr^ceoLLn 

Engine . Specification . _ r Date . 



Sta- 
tion 


Transition 


mi^t MnAUim £i/*s H>f\ m Noam*L /furs* r*i*&rt 
Altitude %<T f oeo FSST- 


rrw ■— 

sure 
losses, 

-P 

(lb/sq ft) 


1 01U£/C A — 

ature 
change, 
AT 
(*F) 


Vol rv n — 

ity, 
V 

(ft/890) 


rx o w— 

•ur«, 

P 

(lb/sq ft) 


T a mr> Ar« 
A wUIJJ o* — 

ature 9 


Density, 
[ slugs/ cu ft, 


Re la- 
Ut« 
den- 
sity, 

«- 


8r*«f* If 4 £* 

weight, 

P8 

(lb/cu ft) 


iJ J UCUUXv 

pres- 
sure, 

q 

(lb/sq ft) 


Air 
flow, 
M 

(lb/ mo) 


Air 
flow, 

[ou ft/ 000 } 


sectional 
area, 
A 

(•q ft) 


0 






J9J 








o.f/o 




78 








Z 


6 


13.0 




8rr 


















3 


n 


cs.r 




80+ 




. a oo 


Jn 












4 


4- 




173 












*/ 


7.93 
















































































LMAL 



exhauj+ uaste qaie 

turbos upercharqer 



Ftqure Z~ Pouer plant installation 



NACA 



Pigs. 3*5 



Exit area, 
3q ft 































Nc 


>rma] 


. ral 


;ed 1 


30we] 


•l P 


Limb 




































































I 


form* 


il n 


Lted 


pow< 


>r, ] 


Ugh 


ape 


3d 




















=?- 












































H%li 


tar- 


r poi 


/er, 


hi ? : 


i sp 


3ed 























































































0 4,000 8,000 12,000 16,000 20,000 21*., 000 
Altitude, ft 

Figure 3.- Engine cooling-air exit area. 



1.0 



.8 



.6 



Exit area, 
sq ft 



.2 



Military pover 



Normal 



Normal 



rated pcwer, 



rated power 



high spoed 



climb 



hi|£i speed 



0 

0 lj.,000 8,000 12,000 16,000 20,000 2l4.,000 
Altitude, ft 

Figure 5.- Combined exit area for the two oil- 
cooler ducta. 



NACA 



Pig. 4 




Air flow, lb/mln 



Figure 4*- The characteristic* of an oil cooler. Diameter, 
13 inches; depth, 9 inches. 



NACA Fig. 6 

Cooling-air flow, Jfrj/w , lb/sec/in* 
0 .10 .20 .50 .I4.O .50 




0 2 k 6 8 10 12 

Charge-air <T2 aV &2 > in « water 

Figure 6.- Intercooler performance. Cooling length, 
8 inches; engine length, 1I4. inches. 



NACA 



Pig. 



1.8 




.2 



0 k,000 8,000 12,000 16,000 20,000 2^,000 

Altitude, ft 

Figure 7»- Intercooler duct exit area. 



